One of the challenges of actinic metrology tools for EUV lithography is the availability of light sources with high brightness, stability, and availability. In particular, actinic patterned mask inspection on EUV reticles is considered an essential tool for the EUV lithography ecosystem and it requires an EUV source of high brightness. We present the design of a compact and accelerator-based light source producing EUV radiation with high-brightness for actinic metrology applications in the semiconductor industry. Our design is based on the well-established components and design principles. The specifications required for actinic mask inspection is achieved using a short period undulator and 430 MeV electron energy. The concentric design of storage and booster rings enables stable operation with a relatively small footprint. This study shows the commercial viability of a compact and high-brightness EUV source with high stability and reliability and demonstrates its feasibility for actinic metrology applications.
INTRODUCTION
EUV metrology sources with 13.5 nm (92 eV) wavelength are needed for EUV mask manufacturing at several stages, such as blank inspection, patterned mask inspection, mask review, final inspection, and pellicle inspection [1] [2] [3] [4] . Future applications of such sources in a similar wavelength range may also involve applications other than EUV mask metrology, such as wafer inspection and mask substrate inspection [5] . In particular, actinic patterned mask inspection is considered an essential tool for the implementation of EUV lithography in high-volume manufacturing. One of the challenges in developing such a tool is the availability of a source delivering EUV light with high brightness, excellent stability, high availability and sufficient flux.
The required specifications for the source depend on the specific applications. The most important ones are high brightness, stability, and availability. For mask review, the brightness requirements are very low since the fast scanning of large areas is not needed. For blank inspection a brightness of 100 W/mm 2 ⋅sr is sufficient. For patterned mask inspection, a brightness of 300 W/mm 2 ⋅sr is probably sufficient based on simple estimations. However, for a more realistic case, the requirement increases significantly due to various issues such as the flare due to the roughness of the optics, mask multilayer and line edge roughness of the absorber pattern, detector noise, source fluctuations, limited spatial resolution, etc. Moreover, in an inspection of a 10×10 cm 2 area with nanoscale resolution, the image map reaches to a size that is on the order of Terapixels and the signal-to-noise ratio should be above 8 in order to keep the number of false positives reasonably low. Therefore, the required brightness for actinic patterned mask inspection is higher. For example, according to a paper from Sematech and Intel [6] , one inspection tool supplier estimated the required source brightness to be ~2,500 W/mm 2 ⋅sr. In addition, an important aspect of any tool or method in the semiconductor industry is the extendibility to the future technology nodes. With the advancement of nodes, feature size and printable defect size decrease, which in turn increase the required photon numbers to resolve and detect these with the metrology tool. Therefore, from an ideal EUV source we need 1,000-10,000 W/mm 2 ⋅sr brightness for patterned mask inspection. Lensless imaging methods that rely on the coherence property of the light, despite being a relatively exotic method [7] [8] [9] , are the only methods that have shown, in the past, promising results. They require a brightness that is several orders of magnitude higher than that of the incoherent microscopy techniques. The required brightness for this technique for actinic patterned mask inspection is about GW/mm 2 ⋅sr and significantly lower for blank inspection or mask review.
Conventional ways of generating EUV light are Z-pinch discharge plasma, LPP (laser produced plasma), and HHG (high harmonic generation). Z-pinch sources have high flux, high availability and need low maintenance, but come with a low brightness of about 10 W/mm 2 ⋅sr [10] . For higher brightness, LPP sources are needed and these can provide a brightness of about 100-300 W/mm 2 ⋅sr [11] [12] [13] . We note that a review of the literature shows also much higher brightness values and it is out of the scope of this paper to make an assessment on the status of the plasma sources. Further development will improve the stability and reliability of LPP sources. A very high brightness can be achieved with an HHG source but this time the flux becomes the bottleneck which is currently limited in the nW range [14] . Further development may bring this technology to the power levels of μW. Moreover, for the aforementioned technologies debris-mitigation, outof-band radiation, stability, and reliability remain crucially challenging issues.
An alternative approach for the generation of EUV light would be to use accelerator -based technology. Synchrotron light generation is an elegant way of generating light with short wavelengths in a controlled manner. Therefore, there are many synchrotrons in operation in the world serving the needs of many research fields at different energies with different optical methods. Nevertheless, these sources are typically large-scale facilities and therefore not easy to install at industrial sites. To be compatible with industrial use, the source should be relatively compact, fitting into the existing infrastructure of a manufacturing environment.
Several compact synchrotrons were built in the 80's and 90's [15] [16] . These tools were designed for lithography, not for metrology applications. However, the target specifications of the required flux in lithography evolved and, therefore, they were abandoned as they could provide a flux of only ~10 W. Moreover, they were based on the technology of 30 years ago and accelerator technology has since made significant progress. In addition, they were not really compact as the linac and booster injection systems were housed in an adjacent room and therefore the facility occupied a larger footprint than that of the compact storage ring alone.
Based on these facts, and recognizing the imminent need for better EUV metrology sources, we have designed a compact synchrotron source which can be used for EUV metrology applications in a manufacturing environment. Our design strategy has been as follows:
• Sufficient flux: Enabling one to perform all EUV metrology applications within reasonable time, i.e. a clean EUV power of 10-100mW.
• High brightness: A brightness that can cover the requirements of all EUV metrology applications and different imaging methods, in particular for the lensless imaging methods which rely on high coherence. • Intensity stability: Extreme beam stability to avoid complications which may arise from the very short image acquisition times due to fast optical scanning.
• Compact design: As compact as possible, but without increasing the machine complexity or compromising the performance.
• Reliability: Enabling one to achieve minimal downtime by using proven technology and adopting robust design features.
• Minimize R&D costs and lead time: Choosing only proven concepts and technologies, and commercially available components whenever possible.
In the following section, we describe the major components and characteristics of this source. We address the optics design of the storage ring as well as the main technological sub-systems for the accelerator, such as the linac injector, the radio-frequency systems, the vacuum design, transfer line optics, and undulator design. We present the radiation shielding concept, which ensures the safe operation and strict requirements of the regulatory agencies. The mechanical integration of the overall layout has been studied and the main systems engineering aspects have been addressed.
DESIGN AND DISCUSSIONS
We have designed a compact and accelerator-based EUV source for actinic metrology applications in the semiconductor industry. The main components are the so-called storage ring, the booster ring, and the undulator as seen in Figure 1 . Our design is based on well-established components and design principles [18] , minimizing the lead time of its realization and the technical risks to reach the target specifications. The novel design [19] [20] of a concentric storage ring and booster ring enables top-up operation with a footprint of 5×12 m 2 . This footprint is adopted to achieve a compact design without compromise on stability, reliability, availability, and lead time.
We have introduced innovative solutions compared to the sources developed in the nineties, which include: We have adopted the latest technologies developed for diffraction-limited storage rings which are the latest generation of synchrotrons [21] . This machine would operate in top-up mode, enabling always same current and thereby photon flux with 0.1% beam stability. This is achieved by using a full energy booster ring. The electron beam energy is 430 MeV and the beam current is 150 mA. We have 50 ps pulses with a 500 MHz repetition rate. It provides about 100 mW with about 1 GW/mm 2 ⋅sr brightness. Table 1 summarizes the major parameters of the source.
EUV light with a low emittance (about 10 and 2 nm⋅rad respectively along the horizontal and vertical axes) is generated in a 3.2-meter-long undulator of 16 mm period length installed in the electron storage ring of circumference 25.8 m with electron beam energy of 430 MeV. Our design is based essentially on mature, well-established accelerator system technologies which have been used routinely for many years for research purposes in national laboratories. This approach favors the requirement for high reliability. The magnet optics design of the storage ring is based on the novel techniques currently being applied to the design and construction of the advanced light sources, which allows us to reach a relatively small emittance, and thus high-brightness for a compact race-track ring. The layout of the accelerator complex, including a linear accelerator injector, a booster synchrotron, and the electron storage ring, has been designed to keep the footprint of the EUV source as small as is reasonably possible. Figure 2 shows the schematic of the optical lattice. The electrons are generated on a cathode and accelerated to 43 MeV using a linac of 2.1 meters. They are then injected into the booster ring with a circumference of 24 meters where the electrons are further accelerated to 430 MeV, ready for injection into the storage ring where they circulate at constant energy. The total circumference is 25.8 meters with two straights and two 5-bend achromat arcs. One straight section is for the undulator and the other one is for injection into the storage ring and RF cavity unit. The electrons pass through the undulator and generate EUV light. Figure 3 shows the optical function along the different positions of the storage ring. The horizontal beta-function is almost periodic in the arcs with small values in the bending magnets to generate a low emittance. It is minimized by optimum matching to the diffraction phase-space in the undulator to achieve high coherence. It is large in the injection straight to allow for a maximum offset of the injected beam. The vertical beta function is minimized at the undulator edges, taking into account the undulator's vertical focusing, which is not negligible at this low energy.
The resulting parameters of the storage ring design are listed in Table 2 . The storage ring circumference corresponds to 43 RF wavelengths. 24 "buckets" are filled to leave a gap in the bunch train to combat ion trapping. The total charge in the ring is ~ 17 nC (assuming a beam current of 200 mA, to have some margin). Non-linear beam dynamic studies were performed to evaluate the dynamic aperture, Touschek scattering, and intra-beam scattering effects have been analyzed. The beam lifetime due to scattering is 15 mins. This requires frequent "top-up" injections in order to reach 0.1% beam stability. The undulator design is shown schematically in Figure 4 . An undulator is a series of magnets with alternating poles producing an alternating vertical (w.r.t. the orbit plane) magnetic field. When electrons pass through the undulator, they "wiggle" horizontally and this transverse oscillation of electrons generates radiation. We have specified the undulator parameters to have a 0.4 T magnetic field and a periodicity of 16 mm, 7 mm gap spacing, and a length corresponding to 200 periods. Simulations of the magnetic field (Figure 4(b) ) shows that a uniform magnetic field of 0.4 T is achievable within a region of ± 12 mm. The undulator with two hundred periods provides EUV light with a bandwidth of 1/200 = 0.5%. We fixed the undulator period to 16 mm, because this short periodicity has already been shown to be possible at SwissFEL. Undulators of shorter periods may introduce certain complications or risks. We have chosen NdFeB, treated with diffusion of Dysprosium, for the magnets. At room temperature, this material provides the best combination of remanent field and coercivity. A high coercivity prevents magnets from demagnetization due to beam loss.
An extremely good vacuum is required since residual gas leads to scattering and loss of electrons. The vacuum chamber (partly shown in Figure 5(a) ) has an elliptical shape with 3×2 cm 2 dimensions. Maintaining a good vacuum (< 10 -9 mbar) in such a long and narrow chamber is challenging. The base pressure is dominated by photo-desorption due to synchrotron radiation. At certain intervals, ion pumps are installed. Nevertheless, this is still not sufficient and further improvement is achieved by using NEG coating, which acts as a getter surface. The comparison of vacuum pressure with and without the NEG coating is shown in Figure 5 (b).
The synchrotron radiation heat load is low, but it is still 85 W/m which increases the temperature by 80 degrees and this will substantially increase the vacuum pressure. Therefore cooling is needed and this is achieved by water cooling pipe attached to the whole ring as shown in Figure 5(a) . The comparison of the temperature with and without water cooling is shown in Figure 5 (c). Figure 6 shows examples of hardware for some of the sub-systems. We adopted the photo-injector electron source employed in short wavelength X-ray FELs. It is a traveling wave gun with a 2.1-m-long C-band structure. It is very compact compared to the conventional thermionic gun based linac systems. The electrons are generated by a UV-Laser system which provides photo-emitted electrons when the laser beam strikes a semiconductor cathode. Electrons lose about 500 W when they pass through the storage ring dipoles and this loss is compensated by the RF cavity. The cavity is powered by a solid state amplifier. Such amplifiers have already been developed by SOLEIL and by PSI and are commercially available.
For the installation of such a tool, radiation safety is a big concern and specific precautions have to be taken for safety reasons. The room has to be isolated and interlocked. Radiation dose simulations were performed using the Monte Carlo particle transport codes (MCNPX 2.7.0 and MCNP 6.1). The results are shown in Figure 7 . The top and side walls are made of 20-cm-thick standard concrete, 7-cm-thick lead layer, 15-cm-thick lead plugs, and a 25-cm-thick polyethylene layer. An additional polyethylene layer is placed around the undulator and the collimator, where higher radiation rates are predicted. It is concluded that the radiation standards of international and local regulatory agencies can be met, allowing people to work outside of the walls without special precautions. This design needs further optimization in order to reduce the wall thickness by installing local shielding as close as possible to the points where the radiation rates are higher. Figure 6 . Pictures of (a) traveling wave structure, (b) RF cavity, and (c) solid-state amplifier. 
SUMMARY AND CONCLUSIONS
In summary, we have completed the optical design of an accelerator-based EUV source via extensive simulations, optimized the design for minimal emittance, and identified technical solutions for all of the major sub-systems. Our aim was to design a source which can cover all EUV metrology applications and methods with the required stability, maximum brightness, and sufficient flux. High reliability and minimum maintenance were aimed at as the source will be employed in a production environment. Our philosophy was to adopt proven and well-established technologies in order to reach a short delivery time by avoiding R&D and prototyping. For a fabrication environment, a compact design, without compromising performance, was an objective of our design. In a fab, the tool would be installed in the sub-floor and the light would be transferred to the cleanroom floor with a delivery optics serving as a source for one or a few applications. The footprint is similar to the laser system of an EUV scanner and ensuring the radiation safety standards can be easily met. In conclusion, COSAMI is a viable solution for the EUV metrology.
